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GASEOUS EXCHANGE WITH UNPRAC-
TICED SUBJECTS AND TWO RESPIRA-
TION APPARATUS EMPLOYING THREE
BREATHING APPLIANCES.

[From the Nutrition Laboratory of the Carnegie In-
stitution of Washington, Boston, Mass.]

By M. F. Hendry, T. M. Carpenter, and L. E. Emmes,
Boston.

The increasing number of clinical studies of
respiratory exchange necessitates the careful
investigation of respiratory apparatus and
breathing appliances recently developed. The
apparatus probably most used at the present
time is of the so-called Tissot type. A portable
respiration apparatus which has lately been de-
vised, primarily for the determination of the
most important respiratory gas, i.e., oxygen,
has proved of special interest to clinicians. At
least three breathing appliances have found ex-

tensive use, a mouthpiece, a nosepiece, and a

half-faee mask. The combinations possible with
these two respiration apparatus and three
breathing appliances need careful study to aid
the experimenter in selecting the one best
suited to his purpose. Such a comparative study
has been made in this laboratory.*

* We desire -to acknowledge the helpful advice and criticism of
Professor Francis G. Benedict, at whose suggestion this investiga-
tion was made.

Some of the questions investigated in this re-

search may be stated as follows:
Do the two respiration apparatus give com-

parative values for the oxygen consumption of
a subject?

What are the differences, if any, in the car-

bon-dioxide elimination and respiratory7 quo-
tient ?

If there are differences in these values, what
are the technical and physiological causes for
the variations as interpreted from the measure-

ments of pulse rate; respiration rate, volume
per minute of the respiratory ventilation, and
composition of expired air?

The differences in the results obtained with
the three breathing appliances were also meas-

ured for both apparatus. Concurrently in-
formation was obtained on several other mat-
ters of interest to users of apparatus for de-
termining the respiratory exchange, viz., the
constancy7 of the level of the respiratory quo-
tient during several hours of the post-absorptive
state; the constancy of the total energy out-
put (heat production) as measured by the oxy-
gen consumption; and lastly (of prime impor-
tance to clinicians), whether measurements of
the respiratory exchange with any of the com-

binations of apparatus are reliable when un-
trained subjects are used.

Arrangements were made through the kind-
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ness of Dr. Cecil K. Drinker of the Harvard
Medical School for some of the first year medi-
cal students to act as subjects. While these
young men were taking a course in physiology,
they were in no way familiar, at that time,
with respiration apparatus of any kind. Each
subject came to the laboratory for the first time
on the morning of the experiment.*

The respiratory apparatus and accessory ap-
paratus used in this research are described in
the following paragraphs.

PORTABLE RESPIRATION APPARATUS.

In the portable respiration apparatus re-

cently developed in the Nutrition Laboratory,
the oxygen absorbed by the subject is deter-
mined by measuring the contraction in volume
of an enclosed circulating current of oxygen
and nitrogen which a subject respires and from
which both the water vapor and the carbon di-
oxide exhaled from the lungs are absorbed. This
method gives a volumetric determination which
is therefore subject to the ordinary corrections
for reducing the value to 0° C. and 760 mm.

pressure, and also requires the important as-

sumption that the volume of air in the respira-
tory tract of the subject is the same (within
experimental limits) at both the beginning and
the end of the period.

The carbon dioxide elimination is determined
by the absorption of this gas in soda lime. To
determine the carbon dioxide elimination by
the method of absorption, it is necessary in a

closed-circuit respiration apparatus that pro-
vision first be made for the absorption of water

vapor. In this apparatus use is made of cal-
cium chloride for the purpose. The determina-
tion of oxygen consumption, then, is vol-
umetric and the determination of carbon-diox-
ide elimination gravimetric.

The principle of the Benedict portable res-

piration apparatus is practically the same

as that of the original universal respiration
apparatus1 as employed for man. As with
the older apparatus, the subject is con-

nected with the circulating current of air
by means of a three-way valve and a

breathing appliance (mouthpiece, nosepieces,
or mask.) The actual routine of the experi-
ment is the same for the two apparatus but
instead of using a blower in series with the

* There was one exception in that, as subsequently stated, H. 0.
was formerly an assistant in the Nutrition Laboratory.

absorbers as in the universal respiration ap-
paratus, the air current in the portable respira-
tion apparatus is actuated by a rotary7 air im-
peller (hair dryer) which is placed inside the
spirometer. Thus leakage of air from the ven-
tilating current is obviated, and the only leaks
possible are such as may be due to poor me-
chanical construction or to imperfect connec-
tion of intermediate parts by unskilled op-
erators. These can be detected by a test for
tightness preceding each experimental period.

For the actual routine of a period with this
apparatus, reference must be made to the orig-
inal description,2 which should be regarded as
a handbook for operators. In brief, it may be
stated that the subject is first connected with
the apparatus by means of the breathing appli-
ance selected. After the soda-lime container
and the calcium-chloride container following
it have been weighed, the three-way valve con-

necting the subject with the circulating air
current is turned at the end of a normal ex-
piration, the time is noted, and the subject
respires for 10 to 15 minutes. At the end of
a normal expiration the valve is again turned
and the subject is disconnected. The spirom-
eter is read both before the beginning of the
period and after the end, the difference in the.
height of the spirometer bell showing the con-
traction in the volume of air due to the ab-
sorption of oxygen by the subject. The carbon-
dioxide elimination may be determined by the
increase in weight of the soda-lime bottle and
the calcium-chloride container following it.

In this investigation, a graphic record of the
respiratory ventilation was obtained by means
of a pointer, attached to the counterpoise of the
spirometer, which wrote upon the smoked sur-
face of a moving kymograph drum. The man-
ner of obtaining this record and its relation-
ship to the respiration and the oxygen con-

sumption of the subject have been fully dis-
cussed in a former publication from this lab-
oratory/1 To obtain a complete record of the
respiration movements during a period, two
drums of the Harvard Apparatus Co. kymo-
graph were joined one above the other and a

paper wide enough to cover- them both was
used. A special arbor was constructed to sup-
port the double drum, and the ordinary form
of kymograph was employed.

The volume of a single respiration can he
obtained by measuring the vertical distance
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between the beginning and end of a single
phase of a respiration, either inspiration or ex-

piration, and multiplying this distance by the
value in cubic centimeters of one millimeter or

one centimeter of the vertical cross section of
the spirometer bell. The total apparent ven-

tilation of the lungs during the experimental
period is the sum of the individual respirations.
Instead of measuring the respirations sepa-
rately, their summation was obtained by scal-
ing the individual vertical distances with la
^'map measurer." This map measurer has sev-
eral scales on it, one of which is centimeters
to kilometers. The sum of the vertical lengths
was found to be in the neighborhood of 350
centimeters. Measurements of the total verti-
cal distance in a single period, which were
made independently by two persons, were

found to agree, usually within two per cent.
 of each other. It was considered, therefore,
that this method of measuring the summation
of individual respirations met every require-
ment for accuracy in this research.* Accord-
ingly, all of the values given for the periods
obtained with the portable respiration appara-
tus are based upon measurements made by two
individuals, independently, which agree within
two to five per cent. In doubtful cases the
summations were checked by the measure-
ment of the individual respirations with a mil-
limeter scale. The figures obtained with the
map measurer were multiplied by the vol-
umetric value of each millimeter (ca. 21 c.c.)
and this result was then reduced to
"0° C and 760 mm. pressure by suitable
factors involving barometer, temperature, and
tension of aqueous vapor. Special experi-
ments were conducted to determine the
temperature conditions prevailing in this
measurement. So far as errors involved in
barometic pressure, tension of aqueous "vapor,
and temperature are concerned, it is consid-
ered that any rôle they might play has no ef-
fect upon the conclusions drawn from the re-
sults.

The possibility of a mechanical or instru-
mental error should be considered. The pointer
attached to the counterpoise of the spirom-
eter consisted of a steel wire about 0.5 mil-
limeters thick and 10 centimeters long, with
a pointed piece of parchment paper at-

* The use of the map measurer was suggested to one of us
<(T. M. G.) by a former assistant, W. F. Barrington. it has proved
 very useful in the technical study of respiratory apparatus.

tached to the free end. A moving pointer
rubbing against a moving smoked surface in-
volves a certain amount of friction, and it is
conceivable that any record of a simple
harmonic motion of a rigid body7 (such as the
spirometer bell), which is dependent upon the
inscription of its movements by means of a

flexible pointer writing upon a surface involv-
ing friction, would be in error because
of the lag at each end of the motion -or change
in direction. There are two facts to be con-

sidered in relation to the results of our re-

search, viz., that the movements of the air or
the spirometer itself are slowest at the begin-
ning and end of the two phases of the
respiratory7 cycle, inspiration and expiration,
and that if this possibility of error due to fric-
tion does play a rôle in the accuracy7 of our
measurements of the total ventilation with the
portable respiration apparatus, its effect will
be to give too low results. The signifi-
cance of the latter point will be seen
when the data are discussed. In spite of
the possibilities of technical errors, our be-
lief is that no one of our measurements of the
total ventilation with either apparatus has an

error greater than five per cent. Our conclu-
sions are not based upon such small differences.

Assuming a correct measurement of the total
ventilation, it is possible with the portable
respiration apparatus to calculate the composi-
tion of the expired air, so far as the percentage
of the carbon-dioxide and the oxygen deficit
are concerned, simply by dividing the carbon
dioxide eliminated and .the oxygen absorbed
by the total ventilation. The volume per res-

piration can also be calculated from the total
ventilation and the respiration rate.

The measurement of the total ventilation of
the lungs as outlined and the data derived from
it and from other observed factors form the
basis of our results and conclusions given in
this report.

RESPIRATORY-VALVE APPARATUS.

The other respiration apparatus used in this
study was the so-called Tissot* respiration ap-
paratus, or more properly the respiratory-valve
apparatus.* The most recent" forms of res-

piratory-valve apparatus ordinarily employ a

* The name Tissot has been incorrectly applied to a number of
combinations of respiration apparatus that are not really the Tissot
apparatus, which involves glass nosepieces, valves, an ingeniously
water-balanced spirometer, and a Laulanié gas analysis apparatus.

 The Boston Medical and Surgical Journal as published by 
The New England Journal of Medicine. Downloaded from nejm.org at UNIV OF UTAH ECCLES on June 28, 2016. 

 For personal use only. No other uses without permission. From the NEJM Archive. Copyright © 2010 Massachusetts Medical Society.



maskt as a breathing appliance. Usually the
Thiry-Tissot valves" are also employed, but
that other valves are equally suitable for this
purpose has never for a moment been ques-
tioned or denied. It is not necessary that the
spirometer be absolutely counterpoised7 at each
point to obtain a normal respiratory exchange.
Actual experience shows that the portable Hal-
dane gas analysis apparatus is entirely ade-
quate for all analyses of expired air and that
any irregularities of ¡analysis will apply as

much to other gas analysis apparatus as to the
portable form of the Haldane apparatus. In
view of these considerations we can no longer
consent to designate1 every open-circuit appar-
atus based upon breathing appliance, respira-
tory valves, spirometer, and gas analysis as a

Tissot respiration apparatus. We acknowledge
our indebtedness to Tissot for pointing out the
possibilities of refinement in the measurement
of gaseous exchange by this method, but we

must state that accurate determinations by the
open-circuit method of the respiratory ex-

change of man are regularly made without
utilizing any of the apparatus which were de-
vised by Tissot.

The combination used in this comparison re-

search was a spirometer approximately coun-

terpoised and holding about 100 liters, Thiry-
Tissot valves, a breathing appliance, and a Hal-
dane portable gas analysis apparatus. The
breathing appliances used were the same as

those employed with the portable apparatus.
The principle of the respiratory-valve ap-

paratus is as follows: The subject inhales
through an inspiratory valve and breathing ap-
pliance and expires through an expiratory yalve.
The inspired air and expired air are thus sep-
arated by means of valves. The inspired air
may be taken from the room or from outdoors.
We prefer to use outdoor air because of its
constant composition,5 thus reducing the
amount of gas analysis. The expired air is
conducted to a spirometer in which it is col-
lected for a definite period of time. A three-
way valve placed at the entrance tube of the
spirometer permits deflection of the expired air
into the room or into the spirometer.

In the usual routine of a period with this
method, the breathing appliance with valves is
first attached to the subject, and the spirometer

f Experience in this laboratory in 1915-1916 demonstrated that
the mask was most suitable for continuous or interrupted work on

respiratory exchange so far as breathing appliance was concerned.

is set at 0. When it is seen that the subject
is breathing quietly and regularly, the three-
way valve is turned so that the expired air,
which has been passing out into the room, now
enters the spirometer. The exact time of turn-
ing the valve is noted. At the end of a definite
period (usually ten minutes) the three-way
valve is turned so that the expired air is again
delivered into' the room. The time is noted,
and readings are taken of the height of the
spirometer bell, the temperature of the air in
the bell, and the barometric pressure. Two
samples of the air in the spirometer are then
drawn in 70 c.c. samplers over mercury7 and
subsequently analyzed. One portion from each
sampler was used for analysis, thus providing
for duplicate analyses. All analyses not-agree-
ing within reasonable limits were repeated. The
composition of these samples, multiplied by the
quantity of expired air reduced to 0° C. and
760 mm., gave the amount of the respiratory
exchange.

BREATHING APPLIANCES.

The breathing appliances used in this com-

parison were the Denayrouse form of rubber
mouthpiece,9 the Benedict nosepieces,10 and the
Siebe-Gorman half-face mask.* The mouth-
piece was of the type employed for many years
in respiration work, particularly by Zuntz and
his co-workers. A detailed description and
criticisms regarding its use have been given in
a publication from this laboratory.11 The half-
face mask employed was originally designed for
mine rescue apparatus, but is now coming
into general use in physiological laboratories
and hospitals in which respiratory exchange
is being studied. It is approximately triangu-
lar in form and is made of sheet metal covered
with vulcanized rubber. It is thus flexible so
that it can be readily shaped to fit the face of
the subject. A pneumatic gasket around the
edge of the mask can be inflated, thus making
it possible to fit the inequalities of various parts
of the face and insure an absolute air-tight
closure. The mask is of such size and form
that it fits over the upper part of the bridge
of the nose, down each cheek, and across the
chin just beneath the mouth. It is fastened
on the face by means of two straps connecting
at the back part of the head.

* This mav be obtained from H. N. Elmer, 1140 Monadnock
Building, Chicago, 111.
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GAS ANALYSIS APPARATUS.

The samples of expired air were analyzed by
means of the portable form of the Haldane gas
analysis apparatus.12 Two apparatus were

employed in this research, each controlled daily
by an analysis of outdoor air collected in the
identical containers used for drawing samples
from the spirometer. The values obtained in
these analyses of outdoor air were for carbon
dioxide from 0.02 to 0.03 per cent., and for oxy-
gen from 20.91 to 20.94 per cent., with an av-

erage of 20.93 per cent. A solution of 10 per
cent, caustic soda was used for the absorption
of the carbon dioxide: potassium pyrogallate
made up according to the directions of Hal-
dane13 was employed for the absorption of oxy-
gen. All of the determinations were carried
out by one analyst (M.F.H.).

ACCESSORY APPARATUS.

The accessory apparatus were principally
those required for control purposes and con-

sisted of pneumographs, a kymograph, record-
ing tambours, signal magnet, push buttons, and
a time clock.

Apparatus for Time Record. A clock was

used which was so arranged that it would close
an electric circuit every half minute. Connec-
tion with a signal magnet gave a record upon
the kymograph drum of the closing of the cir-
cuit. The clock was also in series with a. push
button by7 means of which the operator could
record upon the kymograph the exact begin-
ning and end of the period. This record acted
as a control upon the total length of the period
as obtained with a stopwatch. This control is
to be recommended as it sometimes happens
that either the split-second watch stops or

there is a mistake made in recording the time.
Apparatus for Recording Respiration Rate

and Degree of Repose. A pneiimograph was

placed around the thorax of the subject to pro-
vide a graphic record of the respiration rate.
Movements of the upper portion of the body
were also shown in this record. A second pneu-
mograph was placed about the upper thighs so

that the slightest movement of the legs would
be recorded upon the kymograph drum. These
two pneumographs enabled us to detect imme-
diately7 any movements which the subject might
make and to determine the degree of repose.

Apparatus for Detecting Sleep. In addition

to the records of activity or repose, we also
used a control upon drowsiness or sleep. This
was obtained by means of a signal magnet
placed near the subject's head and in series
with the clock previously mentioned. The mag-
net operated every half minute and was heard
by the subject if he were awake. He was in-
structed to press a push button held in his
hand whenever he heard the signal magnet. As
the subject's push button was connected with
an independent signal magnet recording upon
the kymograph drum, a definite graphic record
was obtained as to whether or not the subject
responded the entire, experimental period.
This is very important in studies of the res-

piratory exchange, as our experience has been
that drowsiness tends to alter the ratio between
the carbon dioxide eliminated 'and oxygen con-

sumed. Whether or not there is also a real
difference in the character of the combustion
cannot at this time be stated.

PLAN OP STUDY AND SEQUENCE OK PERIODS.

We had the problem of determining the res-

piratory exchange of a subject each day with
two different respiration apparatus and three
different breathing appliances. To avoid any7
influence from one order of combinations for
all subjects, the following six sequences of pe-
riods were used:*

I II III
Tissot, mouth Portable, mouth Tissot, mask
Portable, mouth Tissot, mouth Portable, mask
Tissot, mask Portable, mask Tissot, nose
Portable, mask Tissot, mask Portable, nose
Portable, nose Portable, nose Tissot, mouth
Tissot, nose Tissot, nose Portable, mouth

IV V VI
Portable, mask Tissot. nose Portable, nose
Tissot, mask Portable, nose Tissot, nose
Portable, nose Tissot, mouth Portable, mouth
Tissot, nose Portable, mouth Tissot, mouth
Portable, mouth Tissot, mask Portable, mask
Tissot, mouth Portable, mask Tissot, mask

It was our original intention to study three
subjects with each sequence and to duplicate the
order, thus making twelve periods each morn-

ing. Such a plan would involve the use of 18
subjects. Unfortunately, the omission of a

routine test on the part of one of us vitiated
one of the sequences. The actual experiments
with each are as follows :

I. 3 experiments II. 3 experiments III. 3 experiments
IV. 4 experiments V. 2 experiments VI. 2 experiments

* In this list the word "Tissot" is used instead of "respiratory-valve" for brevity.
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EXPERIMENTAL ROUTINE.

The subject came to the laboratory at about
8 a.m., in the post-absorptive condition. He
then emptied the bladder, if this had not been
done very shortly before arrival. After the ob-
ject of the experiment and the precautions to
be observed had been briefly described to him,
the mask was fitted to his face, and tested for
tightness. The subject usually removed coat,
collar, and cravat and lay down on a comfor-
table upholstered couch. A stethoscope was
attached to the chest over the apex of the heart
and fastened by means of adhesive plaster. A Y-
tube was next inserted'for use with two sets of
earpieces so that two observers could count the
pulse auricularly and thus act as a control upon
each other. After, the stethoscope had been ad-
justed, two pneumographs were attached and
tested. To avoid the use of subjects in a

febrile condition, the body7 temperature was

taken sublingually with a clinical thermometer
retained for five minutes.

After the mouth temperature had been taken,
the pulse rate of the subject lying quietly was

recorded by one or more volunteer student ob-
servers, and in the later experiments a graphic
record of the normal respiration rate was ob-
tained from the pneumograph placed around
the thorax. At the end of approximately a half
hour from the time the man actually lay7 down
on the couch, the first period for the deter-
mination of the respiratory7 exchange was be-
gun. Twelve periods were then carried out as

rapidly as possible according to the order de-
termined for the morning. After their com-

pletion, the subject again emptied his bladder,
had his height and naked body weight meas-

ured, and then answered a number of ques-
tions with regard to his subjective impressions,
personal history, age, etc.

STATISTICS. OF ST 'BJECTS.

To show the character of our subjects and
for comparison with other published material,
the statistical data are given in table I. The
first column contains the initials in the order
used in the table giving the average results
(table II). The second column gives the age
in the year nearest to the actual time of the
experiment; the third column, the height in
centimeters ; the fourth column, the naked body
weight at the end of the experiment and after

urinating ; the last two columns give the nitro-
gen in urine calculated on the basis of per hour
and per kilogram per hour.

Table I. Statistics of Subjects in the Comparison
Respiratory Exchange Experiments.

Nitrogen in Ubine

Naked Per Kgm.
Subject Age Height BodyWt. Per Hour per Hour

yrs. cms. kgms. gms. mgms.
J. A. C. 25 177 59.0 .537 9.08
C. A. C. 22 180 64.9 .585 9.00
H. H. H. 22 173 71.5 .577 8.07
T. H. N. 24 190 69.1 .380 5.50
J. P. T. 22 188 63.8 .073

—A. G. N. 24 172 59.9 .562 9.36
J. L. G. 21 163 65.5 .460 7.02
F. S. 24 172 57.4 .304 5.30
W. F. M. 24 181 76.1 .425 5.58
S. N. G. 23 178 60.8 .408 6.72
W. J. S. 23 172 56.5 .350 6.19
O. S. B. 24 174 61.4 .408 6.64
H. O. 23 172 67.2 .870 12.95
P. G. H. 22 176 52.1 .508 9.75
C. F. M. 23 161 51.1 .204 3.99
R. K. B. 22 179 65.8 .447 6.80
H. B. 25 166 64.6 .429 6.65

It will be seen that our subjects ranged in
age from 21 to 25 .vears, in height from 161
to 190 centimeters, and in weight from 51.1 to
76.1 kilograms. Consequently, we have a good
range in both height and weight, but the data
show no definite correlation between these two
factors. Personal impression and acquaintance
lead us to say7 that T. H. N. was very tall and
rather lean, that C. F. M. was quite short but
not extraordinarily thickset, and that H. H. H.
impressed us as being somewhat heavily built.
The nitrogen in the urine per hour varied from
0.073 gram with J. F. T. to 0870 gram with
H. 0. We have carefully inspected the data
obtained for J. F. T. and have concluded that
in his case there must have been retention of
urine; consequently, the real range begins at
the lowest with C. F. M. with a value of 0.204
gram. The nitrogen per kilogram per hour
ranged from 3.99 milligrams with C. F. M.
to 12.95 milligrams with H. 0. Our subjects,
therefore, show somewhat wide ranges in all
characteristics except age.

METHOD OF PRESENTING AND DISCUSSING RESULTS.

The general method of presenting and discuss-
ing results is as follows:

A summary is given in table II for each of
the 17 subjects, showing the average results
obtained with the two respiration apparatus;
the protocols of the most nearly uniform and
of the most divergent set of results with indi-
vidual subjects are also tabulated (see table
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III). The averages of all measurements and the
detailed results as illustrated by the two spe-
cial examples are discussed.

The averages of all results with each breath-
ing appliance are grouped in table IV.

The averages of the first and second measure-

ments with each breathing appliance and res-

piration apparatus, together with the averages
of the individual differences, are likewise con-

sidered.
The general features of the results, their cor-

relations and their significance, are presented.
The problems concurrently investigated, viz.,

the relation of the respiratory quotient and the
oxygen consumption to the period of the day,
and the necessity for the training of subjects,
are considered ; finally, recommendations as to
use of respiration apparatus, breathing appli-
ances, controls, and number of periods are

given.
COMPARISON OP RESULTS FOR THE TWO RESPIRA-

TION APPARATUS.

The averages for all the results obtained
with each respiration apparatus and with
each subject are given in table IT. The
data for R. K. B. and H. 0. are given
in detail in table III as examples of the

•

best and the poorest sets of results from
the standpoint of uniformity and agreement
of duplicates with the various breathing appli-
ances and respiration apparatus. The meas-

urements which were made, and the results cal-
culated to the per minute basis and according
to the relationship of the various factors, were

as follows: Carbon-dioxide elimination, oxygen
consumption, respiratory quotient, average pulse
rate, average respiration rate, volume of respira-
tory ventilation, volume per respiration, and
percentage composition of expired air, i.e., car-

bon-dioxide content and oxygen deficit.
The average carbon-dioxide elimination of all

subjects with the respiratory-valve apparatus
was 190 c.c. as compared with 202 ce. with the
portable apparatus, with a difference of 12 c.c.,
which can be regarded as a true difference.
The detailed data for the two subjects, T?. K. B.
and H. 0., show that the average carbon-diox-
ide elimination for R. K. B. with the respira-
tory-valve apparatus was 195 c.c. and with the
portable apparatus 199 c.c, an excellent agree-
ment. With H. 0., on the contrary, the aver-

age was 197 ce. for the respiratory-valve ap-

paratus and 204 ce. for the portable apparatus,
a positive difference of 7 c.c.

The average oxygen consumption with the
respiratory-valve apparatus was 233 c.c and
with the portable apparatus 238 c.c, a remark-
ably good agreement. This agreement is cor-
roborated by the detailed data for R. K. B. and
H. 0. The average oxygen consumption with
R. K. B. for both the respiratory-valve ap-
paratus and the portable apparatus was
245 c.c. With H. 0. it was 230 c.c. with the
respiratory-valve apparatus and 233 c.c. with the
portable apparatus.

The average respiratory quotient for all of
the subjects was 0.82 with the respiratory-valve
apparatus and 0.85 for the portable apparatus.
Considering again the two special subjects, we

find that with R. K. B. the respiratory-valve
apparatus gave 0.80 and the portable apparatus
0.82. With H. 0. the quotients averaged 0.85
and 0.88. These differences of 0.02 and 0.03
for the two apparatus with the two subjects
agree with the differences between the averages
for all of the subjects.

The average pulse rate with the respiratory-
valve apparatus for all of the subjects was 65
and with the portable apparatus 63—a slight
but, perhaps, significant difference. With R.
K. B. the average pulse-rate for the respiratory-
valve apparatus was 68 and for the portable
apparatus 66, while with H. O. the pulse rate
for the two apparatus was 70 and 65. In other
words, not only the average of all subjects but
also the two special examples show7 that the
higher pulse rate was obtained with the res-
piratory-valve apparatus.

The average respiratory rate with all subjects
was 14.2 with the respiratory-valve apparatus
and 14.5 with the portable apparatus—a dif-
ference without significance. With the subjects
R. K. B. and H. 0. the differences are 0.1 and
0.9, also without significance so far as respira-
tion rates are concerned.

The average ventilation volume per minute
with the respiratory-valve apparatus for all
subjects was 5.26 liters as compared with 6.47
liters for the portable apparatus. With R. K.
B. the volume was 4.60 liters with the respira-
tory-valve apparatus and 5.27 liters with the
portable apparatus. With H. 0. it was 5.73
liters, and 6.28 liters with the two ap-
paratus. It is thus seen that the differ-
ence in the volume of the respiratory ven-
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Table II. Summary; of Measurements of the Respiratory Exchange with 17
Untrained Subjects, Using the Portable Apparatus and a Respiratory-Valve

Apparatus.
(Values per minute.)

o a £ » t f. c. Expired Am

Subject. Date, and O b 5 k a z 5 2 **

•APPARATUS | g Eg § 22 It té §S Sg
s s -I g 5 sa os oí S| k s
c o «c- <M < S >S >c£ cip oo

1918 e.c. c.c. liters c.c. % %
J. A. C, April S
Respiratorv-valve 184 244 .76 67 15.5 5.71 438 3.26 4.25
Portable

'

216 248 .87 66 14.5 7.16 603 3.06 3.51
C. A. C, April 9
Respiratorv-valve 187 237 .79 56 17.8 6.1S 419 3.06 3.83
Portable 211 245 .86 56 17.6 7.58 518 2.84 3.28
H. H. H.. April 10
Respiratorv-valve 212 255 .83 54 15.5 5.70 440 3.76 4.50
Portable 227 257 .89 53 17.2 7.37 510 3.24 3.54
T. H. N., April 11
Respiratory-valve 213 266 .80 60 12.1 5.S8 592 3.71 4.60
Portable 229 278 .82 58 14.9 7.32 588 3.18 3.86
J. F. T., April 12
Respiratory-valve 209 253 .83 67 13.5 5.53 496 3.91 4.61
Portable 217 247 .84 63 14.6 6.65 552 3.32 3.89
A. G. N., April 15
Respiratory-valve 18S 231 .82 73 11.6 5.18 549 3.68 4.49
Portable 217 242 .90 73 11.1 6.67 759 3.33 3.74
J. L. G., April 16
Respiratory-valve 185 228 .SI 67 15.5 5.10 400 3.68 4.49
Portable 198 228 .87 65 15.7 6.70 519 3.00 3.43
F. S., April 17
Respiratory-valve 173 216 .80 66 15.4 4.76 380 3.66 4.56
Portable 170 219 .78 62 16.5 6.06 450 2.87 3.TO
W. F. M.. April 18
Respiratory-valve 218 264 .83 62 14.8 6.15 505 3.58 4.29
"Portable 219 203 .84 62 15.5 8.49 668 2.68 3.20
S. N. G., April 23
Respiratorv-valve 205 260 .79 75 13.7 5.28 472 3.92 4 93
Portable 198 270 .73 73 15.6 7.71 600 2.74 3.72
W. .T. S.. April 25
Respiratory-valve .

152 193 .79 57 17.0 4.77 346 3.23 4.05
Portable 174 202 .86 57 15.7 5.49 421 3.25 3.78
C. S. B.. April 26
Respiratory-valve 185 236 .79 72 11.4 4.83 536 3.88 4.89
Portable 222 225 1.00 73 10.5 5.92 685 3.77 3.82
H. O.. April 30
Respiratory-valve 197 230 .85 70 15.4 5.73 452 3.49 412
Portable 204 233 .88 65 16.3 6.28 471 3.28 3.75
P. G. H.. May 1
Respiratory-valve 196 219 .89 65 10.2 5.01 608 3.96 4.42
Portable 184 216 .85 62 9.1 4.90 666 3.77 4 49
C. F. M.. May 2
Respiratory-valve 149 181 .82 56 16.1 4.34 326 3.48 418
Portable 156 188 .83 54 15.1 4.80 389 3.25 4.04
R. K. B.. May 3
Respiratory-valve 195 245 .80 68 9.7 4.60 579 4.29 5 35
Portable 199 245 .82 66 9.8 5.27 653 3.80 4 56
H. B.. May 6
Respiratory-valve 177 213 .83 73 15.9 4.68 356 3.88 4 63
Portable 190 216 .88 71 16.1 5.54 419 3.49 3.96
Average with
Respiratory-valve 190 233 M 65 Iff.2 5.26 46', 3.67 J,J,8
Average with
Portable 202 238 .SS 63 11,.5 6./,7 .«« s w

tilation per minute varied in the same direc-
tion, and approximately to, the same degree
not only7 with the averages for the whole group
of 17 subjects but also with the two subjects
who have been selected as illustrating either
the greatest range of variation or the best
set of results. All of the figures compared show

a lower total ventilation of the lungs with the
respiratory-valve apparatus than with the port-
able respiration apparatus.

The volume per respiration for the average
of all subjects was 464 c.c. with the respiratory-
valve apparatus and 556 c.c. with the portable
apparatus. With R. K. B. it was 579 c.c. with
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Table III. Protocols of Measurements of Respiratory Exchange with Six Combina-
tions of Respiration Apparatus and Breathing Appliances. Subjects R. K. B.
AND H. O.

(Values per minute.)
Expired Air

Sri:-:-. Date. Apparatus,
and Time.

191S
R. K. B.. May- 3
Respiratory valve

Mask
8.51 a.m.

10.38 a.m.
Nosepieces

9.29 a.m.
11.18 a.m.

Mouthpiece
10.03 a.m.
11.52 a.m.

Average ...

Portable
Mask

9.09 a.m.
10.55 a.m.

Nosepieces
9.46 a.m.

11.34 a.m.
Mouthpiece

10.18 a.m.
12.07 a.m.

Average ..

H. O.. April 30
Respiratory valve

Mask
9.16 a.m.

11.02 a.m.
Nosepieces

9.54 a.m.
11.39 a.m.

Mouthpiece
8.40 a.m.

10.28 a.m.
Average ....

Portable
Mask

9.33 a.m.
11.20 a.m.

Nosepieces
10.11 a.m.
11.56 a.m.

Mouthpiece
8.54 a.m.

10.42 a.m.
Average ....

o

c.c.

199
181

198
197

197
200
195

194
1.85

194
203

201
219
199

171
155

190
179

248
237
197

175
ISO

185
232

230
222201,

o

c.c.

247
234

248
244

244
251

245
239

241
240

241
261
245

225
230

222
215

255
231
230

22S
235

237
226

238
235
233

.80

..SO

.SI

.81
.80
.80

.79

.81

.85

.84

.,84

.76

.67

.86

.,83

.07
1.03

.85

.75

.78
1.03

.95

.88

71
67

71
66

69
65
68

69
67

66
62

67
66
66

67
66

70
70

74
71
70

64
64

64
65

69
65
65

o o

< z

9.7
9v3

9.9
9.9

9.0
10.1
9.7

9.4
9.1

9.9
10.2

10.2
10.1
9.8

16.7
12.1

14.2
14.3

18.0
17.1
15.1,

16.0
16.4

15.5
16.1

17.4
16.2
16.3

5.09
4.43

4.20
4.31

4.71
4.86
4.60

5.55
5.40

4.82
4.90

5.10
5.85
5.27

5.71
4.76

4.87
4.69

7.29
7.07
5.73

6.41
6.62

5.17
6.13

6.18
7.17
6.28

634
57S

514
529

635
584
579

716
719

590
582

606
703
653

416
479

418
400

493
504
452

489
492

407
464

432
540
471

© £
ai o

%

3.93
4.11

4.73
4.60

4.21
4.15
4.29

3.50
3.43

4.02
4.14

3.95
3.74
3.80

3.02
3.28

3.94
3.86

3.44
3.39
3.49

2.78

3.5S
3.79

3.72
3.10
3.28

te S

4.86
5.29

5.91
5.66

5.10
5.17
5.35

4.41
4.43

4.42
4.90

4.73
4.46
4-56

3.94
4.83

4.56
4.59

3.50
3.27
4M

3.56
3.55

4.5S
3.69

3.85
3.28
3.75

the respiratory-valve apparatus and 653 c.c.

with the portable apparatus, and with H. 0.,
452 ce. and 471 c.c The direction of the dif-
ferences with the two subjects is the same as

with the average of all subjects, but the amount
of variance is not so great with H. 0. as with
R. K. B.

The percentage of carbon-dioxide in the ex-

pired air for the average of all subjects with
the respiratory-valve apparatus was 3.67 per
cent, and with the portable apparatus 3.22 per
cent. This is a small but positive difference.
With R. K. B. the percentage carbon-dioxide

content was 4.29 and 3.80 per cent, for the two
apparatus and with H. 0. it was 3.49 and 3.28
per cent. The difference between the portable
and respiratory-valve apparatus with the two
special subjects is in the same direction and of
about the same order of magnitude as the dif-
ference with the average of all subjects.

The average oxygen deficit of the expired air
for the whole group with the respiratory-valve
apparatus was 4.48 per cent, and with the port-
able apparatus 3.77 per cent. This difference
is more marked than that for the carbon diox-
ide in the expired air. With R. K. B. the de-
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licit was 5.35 and 4.56 per cent, with the two
apparatus and with H. 0. it was 4.12 and 3.75
per cent. The direction of the difference is
thus exactly the same with the two subjects,
and with each there is an indication that the
variation between the apparatus is greater with
the oxy7gen than with the carbon dioxide.

With R. K. B. the agreement both as to ap-
paratus and also as to the agreement of two
successive periods with the same apparatus and
breathing appliance is all that could be desired
or expected in work with respiratory-exchange
apparatus. It shows the possibilities with a

subject who is cooperative and is not appre-
hensive or influenced by the conditions of the
experiment in any way. It, also shows that
fundamentally there is no great difference so

far as the character of the respiration apparatus
or the breathing appliance is concerned. The
factors of ventilation and composition of ex-

pired air given for R. K. B. in the last four
columns of table III show distinct differences be-
tween the two apparatus on the average and
these differences agree with the differences in
the averages for all of the subjects. Conse-
quently, we have to conclude that these varia-
tions are significant. Since the data in the last
four columns indicate in all their relations that
the ventilation with the portable apparatus and
the respiratory-valve apparatus is not the same,
a physiological factor is implied.

When we compare the results for R. K. B.
obtained with the three breathing appliances,
we find no great difference with either the
portable apparatus or the respiratory-valve
apparatus. The highest oxygen consumption
was obtained with the mouthpiece, the
next highest with the nosepieces, and the*
lowest values with the mask, the order
in the values being the same for both
respiration apparatus. The respiratory quo-
tient followed the same general course, but the
differences with the three breathing appliances
are less with the respiratory-valve apparatus
than with the portable apparatus. The signifi-
cant fact regarding the pulse rate is that the
lower results were always obtained in the sec-
ond period with a breathing appliance with
either apparatus as compared to those for the
first period. "The differences in the last four
columns of the table which were apparent when
the respiratory apparatus alone were considered,
are also evident when the results are compared

for the various breathing appliances as used
with the two apparatus.

The second subject included in table III (H.
0.) illustrated the difficulty in obtaining good
agreement in the measurements of all the physi-
ological indices employed in our research. He
was formerly a laboratory7 assistant in the Nu-
trition Laboratory and consequently should have
had no apprehension regarding the experiment
and, indeed, should have been more or less fa-
miliar with the experimental conditions and
with what would be expected of him as a sub-
ject. His cooperation was absolutely satisfac-
tory. The agreement in the results for the two
respiratory apparatus was fairly good for the
physiological indices. But when we consider
the ranges in the values for both the apparatus
and the three breathing appliances, it is evident
that we have here a subject who cannot be de-
pended upon to give a satisfactory agreement
of figures in all of the measurements and cal-
culated results possible with the technique em-

ployed in our research.
When two periods with the same breathing

appliance are compared, the agreement in the
values for the oxygen consumption is as good
in general with H. O. as with any other subject,
and there is but little choice as to breathing ap-
pliance or respiration apparatus so far as the ;
measurement of the oxygen consumption is con-
cerned. This fact confirms the conclusion al-
ready gained in a previous comparison of res-

piration apparatus, i.e., that the oxygen con-

sumption can be obtained with a fair degree of
accuracy with any standard apparatus employ-
ing breathing appliances.14

From the standpoint of the measurement of
either carbon-dioxide production or respiratory
quotient, H. 0. is hopeless as a subject. The
results obtained with him bring out clearly the
difficulties which are likely to occur when one

attempts to determine the respiratory quotient
or the carbon-dioxide elimination in short peri-
ods with a respiration apparatus employing
breathing appliances. In other words, H. 0.
has a respiratory center which is exceedingly
sensitive to mechanical or physiological obstruc-
tion in normal respiration. The two respira-
tory quotients with any breathing appliance and
respiration apparatus which most nearly ap-
proach his average are those obtained with the
nosepieces and respiratory-valve apparatus.
But even in these two periods there are sév-
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eral inconsistencies in the measurements.—
namely, the values for the carbon-dioxide elim-
ination and the oxy7gen absorption are among
the lowest values obtained for these factors and
the pulse rate is high in comparison with the
other periods. H. O. would certainly not be
our first choice in selecting a subject for an

exact scientific research in which measurement?
of changes in the amount and character of the
total metabolism were involved; but he repre-
sents a type which one is quite likely to meet
in clinical work, and therefore his results are

of importance in showing the possible difficulty
in drawing definite conclusions from one day's
measurements.

The conclusions from both the averages of
all the subjects with the two t\7pes of apparatus
and from the detailed results of the two sub-
jects, R. K. B. and H. 0., are that the measure-

ments of oxygen consumption agree very closely
so far as any7 requirements regarding the meas-

urements of basal metabolism are concerned,
that the carbon-dioxide elimination is higher
with the portable apparatus than with the res-

piratory-valve apparatus, and in consequence,
the respiratory quotient is higher with the
portable apparatus than with the respira-
tory-valve apparatus. Lastly, that all of
the coincident measurements in this research,
namely, the ventilation per minute, the volume
per respiration, and the composition of expired
air, confirm the average results for the carbon-
dioxide elimination and the respiratory quo-
tient.

COMPARISON OP RESULTS FOR THE THREE BREATH-

ING APPLIANCES.

The averages of all results obtained with the
three breathing appliances (nosepieces, mouth-
piece, and mask) are given in table IV. In com-

paring these values, it should be borne in mind
that man ordinarily7 breathes through the nose

and that when he breathes through the mouth,

it is because of habit, of demand (as in exer-

cise), or of mechanical or pathological obstruc-
tions in the nose. The breathing appliance most
suitable for meeting all these conditions is the
mask.

The carbon-dioxide elimination1 with the three
breathing appliances is highest with the mouth-
piece (201 c.c.) and lowest with the mask
(191 c.c).

The average values for the oxygen consump-
tion range from 235 c.c. for the nosepieces and
mask to 238 c.c for the mouthpiece, an ex-

tremely7 small range.
The respiratory quotient is highest with the

mouthpiece (0.85) and lowest with the mask
(0.81). The average results with the mouth-
piece and nosepieces agree very closely, but
tliose for the mask show a significant difference.

The pulse rates vary but little, the average
values for the three breathing appliances rang-
ing from 64 to 65.

The respiration rate is lowest witn the nose-

pieces, with a slight difference between this av-

erage value and those obtained with the mouth-
piece and mask, the two latter averages vary-
ing but little from each other.

The respiratory ventilation per minute is
lowest with the nosepieces (5.40 liters) and
highest with the mask (6.36 liters). The value
for the mouthpiece corresponds to practically
an average of the other two. So far as the vol-
ume per minute is concerned, there is really no

significant difference with the three breathing
appliances which cannot be explained either
by results of previous research15 or by the ef-
fectual dead space of the breathing appliance
involved.

The volume per respiration and the composi-
tion of expired air show values which, in their
differences, are fairly consistent with the meas-

urements previously considered.
This comparison of values obtained with the

Table IV. Averages of All Measurements Made with the Nosepieces, Mouthpiece,
and Mask.

Breathing Appliance

Nosepieces
Mouthpiece
Mask ..

c.c
196
201

(Values per minute.)

o

c.c.

235
238

191 235

pso-

.84

.85

.81

64
64
65

<n fa

««

13.8
14.5
14.7

1 itere
5.40
5.83
6.36

C 7.

c.c.

494
503

Expired Air

S S
5 o

3.72
3.52

534 3.10

%
4.41
4.17
3.80
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three breathing appliances therefore indicates
that all of the appliances give eoucordant
values for oxygen consumption and that the
mask gives the lowest values for carbon-dioxide
elimination and respiratory quotient.

(To be continued.)

THE RECONSTRUCTION OF A GERMAN
SHELL SHATTERED ARM. THE RE-
PORT OF AN HISTORICALLY IMPOR-
TANT CASE.

By Charles L. Scudder, M.D., Boston,
and

Francis J. Callanan, M.D., Boston.

From an historical as well as a surgical point
of view, it seems well to record the cases

of John Zitz and John Bogovich, two members
of the crew of the tug ' ' Perth Amboy ' ' attacked
by a German submarine off Orleans, Cape Cod,
on July 22, 1918.

From an historical standpoint these cases

are interesting because,. as far as can be
ascertained, these men, both wounded by
German shells, were the first and only Ameri-
can casualties of the war for whom all treatment,
from first aid station to base hospital, was ad-
ministered by the United States. Also this
attack was the only bit of the European war

to be seen from American shores and during it,
the only German shell of the war landed on

American soil.
From a surgical standpoint they are

important because Bogovich presents an unusual
case of bone transplantation and also an excel-
lent example of a septic wound treated by the
Carrel-Dakin method.

At 10.15 on the morning of July 22, 1918, a

bright, clear day, the tug "Perth Amboy," tow-
ing four barges partly laden with stone, was fired
upon by a German submarine. From the shore,
the submarine was plainly visible about three
miles out with the tug and tows one mile closer
in. The first shell fell short, of the tug, the
next two far over it, but the fourth struck the
pilot house where Zitz and Bogovich were sta-
tioned. Then followed about fifty shells, the
submarine firing in rotation from a gun mounted
on deck at the tug and the tows. By this
time the U-boat was close onto the other vessels
and every shot was a hit. From the shore, there
could be seen a blaze of fire followed immediate-
ly by7 a cloud of smoke as a shell burst against

one vessel or another. Twenty-five minutes
after the first shell was fired, a seaplane ap-
peared from the Chatham Naval Station, seven
miles away; but just before it reached the sub-
marine, the latter submerged, with its aerial
masts still visible, however, giving its exact loca-
tion to the aviator. He dropped a depth bomb
which did not explode, circled once, and started
back to his station. As he did so, the submarine
again came to the surface and fired at him.
This shell the aviator heard pass by him and
it was this shell that landed in a small pond
about one mile inland, the first German shell
to land in this country.

Two of the tows had by this time gone down,
and the submarine began again its interrupted
work on the tug and the other two barges. Al-
together the bombardment lasted between forty-
five and fifty7 minutes, the submarine riding
practically all of that time on the surface of
the water. With a third barge sunk, the fourth
sinking, and the tug in flames, it submerged
and was not seen again. It was indeed an

amazing and exasperating spectacle to those of
us who were watching from the shore, just two
miles away.

Fig. 1.—The tug Perth Amboy.

Zitz and Bogovich were brought to shore by
the other members of the crew, being carried
from the tug after the first shell had struck
them. Zitz had .a small shell wound on The
outer side of his right knee but was otherwise
in good condition.

Bogovich, on the other hand, in a moderate
degree of shock, had a shell wound over the
lateral border of his left scapula, with the frag-
fent definitely palpable just beneath the skin.
His right upper arm was badly crushed with
two deep jagged wounds just above the elbow.

The wounds were hastily7 washed at the
Orleans Life Saving Station, sterile dressings
applied, and the arm immobilized. Both men
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